The iron-selenides are important because of their superconducting properties. Here, an unexpected phenomenon is predicted to occur in an iron-selenide compound with a quasi-one-dimensional ladder geometry: BaFe2Se3 should be a magnetic ferrielectric system, driven by its magnetic block order via exchange striction. A robust performance (high TC and large polarization) is expected. Different from most multiferroics, BaFe2Se3 is ferrielectric, with a polarization that mostly cancels between ladders. However, its strong magnetostriction still produces a net polarization that is large (∼0.1 µC/cm 2 ) as compared with most magnetic multiferroics. Its fully ferroelectric state, with energy only slightly higher than the ferrielectric, has a giant improper polarization ∼2 − 3 µC/cm 2 .
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Introduction. Low critical temperatures (T C 's) and weak ferroelectric (FE) polarizations (P 's) are two important drawbacks of current type-II multiferroics, where P 's are driven by magnetism [1] . For this reason, a considerable effort recently focused on the design of new magnetic multiferroics to improve on T C and its associated FE P . A recently confirmed example involves the quadruple-perovskite manganite CaMn 7 O 12 , with relatively large P (∼ 0.3 µC/cm 2 ) and T C (90 K) [2] , triggered by a new multiferroic mechanism [3, 4] .
Despite the conceptual differences between superconductivity and multiferroicity, the search for high T C superconductors (SCs) can help the magnetoelectric (ME) community to develop multiferroics with even higher T C 's. For example, Kimura et al. found that CuO (a material related to Cu-oxide SCs) is actually a high-T C type-II multiferroic between 213-230 K [5] . Besides the cuprates, the iron-based pnictides and chalcogenides have been intensively studied since 2008 because of their superconducting properties [6] . However, to our knowledge the possibility of multiferroic behavior has not been investigated before in any of these systems.
In this Letter, the iron-selenide BaFe 2 Se 3 is predicted to hide a robust multiferroic order. Until now, BaFe 2 Se 3 has been investigated as a member of the Fe-based superconductors family with only a handful of efforts that focused on magnetism [7] [8] [9] [10] [11] [12] and (unconfirmed) superconductivity. Our prediction instead provides a novel and unexpected perspective of BaFe 2 Se 3 , that potentially may extend the search for multiferroics beyond this compound into the chalcogenides/pnictides families with tetrahedral anion cages.
BaFe 2 Se 3 forms an orthorhombic structure. Each unit cell has two iron ladders (labeled as A and B), built by edge-sharing FeSe 4 tetrahedra, as shown in Fig. 1(a-b) . Long-range antiferromagnetic (AFM) order is established below 256 K [8] . Both neutron studies and first-principles calculations reported an exotic block AFM order [8] [9] [10] [11] [ Fig. 1(b-c) ]. The Hartree-Fock approximation to the five-orbital Hubbard model also confirmed the stability of the block AFM phase and revealed other competing phases, e.g. the Cx phase [ Fig. 1(d) ] [13] .
Symmetry analysis. The block AFM order is particularly interesting because it breaks parity symmetry and displays exchange striction effects. Indeed, the iron displacements are prominent, as revealed by neutron studies [7] [8] [9] [10] : the nearest-neighbor (NN) distances between Fe(↑)-Fe(↑) [or Fe(↓)-Fe(↓)] at 200 K become 2.593Å, much shorter than the Fe(↑)-Fe(↓) distance 2.840Å [8] . However, this exchange striction is not sufficient to induce FE P since it breaks parity but not space-inversion symmetry. Thus, although neutron studies reported exchange striction effects in iron ladders [7] [8] [9] [10] , ferroelectricity has not been searched for in these materials.
The Se-tetrahedra also break parity in each ladder since Fig. 1(b) shows that Se(5) is above the ladder's plane but the next Se (7) is below, and the distances of Se(5) and Se (7) to the iron ladder plane should be the same in magnitude and opposite sign ("antisymmetric"). However, the block AFM order introduces a fundamental modification in the symmetry. Now the blocks made of four Fe(↑)'s [or four Fe(↓)'s] are no longer identical to blocks made of two Fe(↑)'s and two Fe(↓)'s. Then, the Se(5) and Se(7) heights do not need to be antisymmetric anymore; their distances to the ladder planes can become different. The same mechanism works for the edge Se's, e.g. Se(1) and Se (11) . As a consequence, the Se atomic positions break the space inversion symmetry, generating a local FE P pointing perpendicular to the iron ladders plane (almost along the a-axis). Previous neutron studies [8] could have observed this effect, but in those investigations the Se positions were not discussed since the focus was not multiferroicity. Similar exchange striction works in the E-type AFM manganites and in Ca 3 CoMnO 6 al- though the details are not identical [14, 15] .
Qualitatively, the ME coupling energy for each ladder [14] can be analytically expressed as:
with the parity order parameters where J and r are the exchange and distance between NN Fe's along the ladder direction, respectively. χ is the dielectric susceptibility of the paraelectric phase. P ⊥ is the FE component perpendicular to the Fe ladder plane. By minimizing the energy, the induced P of each ladder can be obtained as
2 ), perpendicular to the ladder plane. This scheme is similar (but not identical) to that of E-type AFM o-HoMnO 3 [14] , and different in principle from geometric improper ferroelectrics [16] .
This discussion suggests that each ladder can be multiferroic, but only the inclusion of inter-chain couplings can address if a macroscopic FE P will indeed be generated. According to neutron studies [8] , the block AFM pattern shows a π 2 -phase shift between the NN A-B ladders but a π-phase shift between the NN A-A ladders (and NN B-B ladders), as in the Block-EX shown in Fig. 1(d) . Then, the unit cell of BaFe 2 Se 3 doubles when considering the magnetism [see Fig. 1(c) ]. According to the analytical expression above, the π-shift between A-A ladders (or B-B ladders) will not change the direction of the induced FE P [17] but the π 2 -phase shift between A-B ladders will induce (nearly) opposite FE P 's, as sketched in Fig. 1(de) . A full cancellation does not occur due to a second key observation: a small canting angle exists between the ladders A and B planes [see Fig. 1(a) ], leading to a residual FE P (P EX ) pointing almost along the c-axis [ Fig. 1(e) ]. The residual P EX magnitude can be estimated by considering the tilting angle between the ladders A and B planes, which is about 5.4
• according to experiments [8] . This small tilting gives P EX ≈ 9.4%P A .
Since the spin ladders in BaFe 2 Se 3 are quasi-onedimensional, the inter-ladder couplings should be weak compared to the intra-ladder couplings. Thus, it may be possible to overcome the π 2 -phase shift between ladders A and B by chemical substitution, or electric field. If this is achieved, the magnetic structure becomes the Block-MF state. In this case, the magnetism-induced FE P 's of all ladders will coherently produce a combined P MF pointing along the a-axis [ Fig. 1(e) ], with an amplitude nearly twice that of P A . All this intuitive analysis for the many possible magnetic states has been fully confirmed by formal group theory [18] .
First-principles study. A density functional theory (DFT) calculation will be used to confirm above predictions [19] .The DFT results are in Fig. 2 varying the effective Hubbard interaction U − J, which give the following conclusions: • ) denote the relaxed ±PEX states, respectively. The center 0
• denotes the relaxed non-tilting case. For other angles, the structures are obtained by proportional mixing among these three limits. Vertical axes: (e) energy per Fe; (f) polarization along the c-axis. their energies were compared. As shown in Fig. 2(a) , the Block-EX state is the lowest in energy, as in experiments [7] [8] [9] [10] . The Block-MF is only slightly higher (7-10 meV/Fe). All other states are much higher. In the Block-EX state, the DFT NN Fe-Fe distance for Fe(↑)-Fe(↑) [or Fe(↓)-Fe(↓)] is ∼ 2.584Å and for Fe(↑)-Fe(↓) ∼ 2.823 A (without U ), very similar to the neutron results mentioned before. More importantly, DFT finds that the heights of Se(5) and Se(7) are different: 1.64Å and 1.42 A (without U ), respectively. This numerically confirms that the relaxed structures of the individual ladders do have a net electric moment.
(2) The density of states (DOS) were calculated to extract the energy gap around the Fermi level. As shown in Fig. 2(b) , the FM and NM states are metallic while all other magnetic states are insulating. Note that the Block-EX energy gap is 0.46 eV without U , in agreement with previous DFT results (0.44 eV [10] ) but much higher than the value estimated from the resistance-temperature curves which is ∼ 0.13-0.178 eV [9, 12] . This difference is important and will be further discussed below.
(3) The most important physical property is the FE P . The insulating and space-inversion symmetric Cx phase is considered as the nonpolar reference state. Confirming the previous symmetry analysis, both the Block-EX and Block-MF are found to be multiferroic in our DFT calculations. P MF is large and mostly along the a-axis (2.01 µC/cm 2 without U and increases to 3.02 − 3.22 µC/cm 2 with U ). This value of P MF is among the largest reported in type-II multiferroics, comparable with the E-type AFM manganites [14, 25, 26] . As discussed before, the Block-EX should be ferrielectric with a weaker P . This is also confirmed in our DFT calculation: the net FE P is mostly along the c-axis and its amplitude is 0.19 µC/cm 2 without U , which is one order of magnitude smaller than P MF as expected from the above symmetry analysis, and comparable with RMnO 3 (R= Tb or Dy) [27] The U -dependent P EX is non-monotonic [19] . The DFT directions of P EX and P MF agree perfectly with the symmetry analysis, and the values of P EX and P MF are also in qualitative agreement.
(4) Although the experimental-measurable quantity is the total P , it is physically meaningful to analyze the individual contributions from ionic and electronic displacements. Previous DFT studies on type-II multiferroics reported that the electronic contribution could be significant [3, 25] , contrary to proper ferroelectrics where the ionic displacements are always dominant. Thus, it is interesting to disentangle the electronic P e and ionic P ion contributions in BaFe 2 Se 3 . To unveil the intrinsic physics of each ladder and avoid compensation effects between ladders, here the Block-MF case is analyzed. By adopting the relaxed structure with the Cx magnetic order and imposing the Block-MF spin order, the pure electronic contribution P e MF can be estimated: it results to be large (∼ 0.69-1.3 µC/cm 2 , about 1/3 of P MF and parallel to P MF .
(5) As sketched in Fig. 1(d) , by shifting the magnetic blocks by one lattice constant in all ladders, both P A and P B are reversed according to the analytical formula above. Then both P EX and P MF can be flipped by 180
• . The energies before and after such a 180
• flipping are degenerate. As sketched in Fig. 2(d) , to realize the flipping of P EX , an external electric field should be applied along the c-axis. If a large enough field is applied along the a-axis, the ferrielectric (Block-EX) to FE (Block-MF) phase transition will occur, producing a 90
• flipping and enhancement of P . Moreover, the 180
• flipping of P EX can also been obtained by reversing the titling angle between the planes of ladders A-B, without shifting the magnetic blocks. As shown in Fig. 2(e) , The calculated energy shows an almost symmetric barrier between the +P EX and −P EX states, with the height of the barrier of ∼ 2.8 meV/Fe. Comparing with other FE materials, e.g. [25] , the required electric fields ±E c should be accessible. Note that this switching path is an energetically "upper bound", not necessarily the actual path occurring in experiments during switching, which may display an even lower energy barrier. In addition, a magnetic field can suppress the AFM order and its FE P , as in other spin-↑↑↓↓ multiferroics (e.g. Ca 3 CoMnO 6 [15] ), rendering an intrinsic ME coupling.
In summary, our DFT calculations fully confirm the proposed magnetic-induced ferrielectricity of BaFe 2 Se 3 . The multiferroic properties of BaFe 2 Se 3 are very prominent: (1) high T C close to room temperature; (2) large polarization in the ground state and even larger in the excitation state. Both these two properties are in the topmost range among all type-II multiferroics, i.e. BaFe 2 Se 3 can be a quite interesting material.
Additional discussion. Since pure DFT always underestimates the band gap, the real band gap of BaFe 2 Se 3 should be even larger, and the observed small gaps (0.13-0.178 eV [9, 12] ) in transport may be caused by in-gap levels induced by impurities. In fact, non-stoichiometry and impurities are ubiquitous in all samples of BaFe 2 Se 3 in previous experiments [8] [9] [10] 12] , making these samples too conductive to detect ferro-or ferri-electricity.
To guide future experimental efforts, here results for the iron-selenides BaFe 2 S 3 and KFe 2 Se 3 are also presented. Although BaFe 2 S 3 is very similar to BaFe 2 Se 3 , its space group is the orthorhombic Cmcm [28] , identical to that of KFe 2 Se 3 [8] . Furthermore, our DFT calculation on BaFe 2 S 3 predicts a Cx ground state as found in KFe 2 Se 3 , in agreement with recent experiments [29] . Considering the magnetic similarity between BaFe 2 S 3 and KFe 2 Se 3 , it is reasonable to assume that the Fe-Se bond in the latter may not be fully electrovalent due to the weak electronegativity of Se. In this sense, the real Fe valence in BaFe 2 Se 3 is 1 + δ (with δ between 0 and 1) instead of the nominal +2, which may be the reason for the experimental difficult to prepare pure BaFe 2 Se 3 due to the instability of Fe (1+δ)+ , which will induce iron vacancies [10] . Even the exotic AFM block state, with tetramer magnetic units, may be also caused by this 1+δ effect according to the mechanism of Peierls-like transition in one-dimensional lattices, e.g. at δ= The argument above is clear in our DFT calculation. The electron density differences between BaFe 2 Se 3 and BaFe 2 S 3 are displayed in Fig. 3 . The bright red spheres provide clear evidence that the S anions attract more electrons than Se. Meanwhile, the Fe cations lose more 3d electrons in BaFe 2 S 3 , characterized by bright blue lobes pointing along the Fe-S/Se directions. By contrast, the density difference is weak but also exists in the Fe-Fe ladder plane. Besides these two clear differences, outside the bright green spheres, there is a dim blue sphere surrounding each S/Se site, with negative value: this suggests that the outmost electrons of Se (S) are more extended (local- ized), also supporting the covalent scenario for BaFe 2 Se 3 .
The analysis presented above reminds us of another iron-selenide, layered KFe 2 Se 2 , in which the nominal valence of Fe is +1.5 and a two-dimensional block AFM order exists in each layer [30] . According to the symmetry analysis, each layer of KFe 2 Se 2 should be FE polarized due to the exchange striction. However, the FE P cancels between layers, resulting in an antiferroelectric material.
Prospect. It is recognized that electron correlations are crucial for high-T C SCs, but they are also equally important in magnetic multiferroics, e.g. to stabilize the 2 × 2 spin block order of BaFe 2 Se 3 [13] that eventually leads to the ferroelectricity discussed here. In fact, the parent materials of high-T C SCs and type-II multiferroics are both antiferromagnets with full or partial Mottness. More in general, the consequences of correlation such as the orbital-selective Mottness [31] , frustrating effects in magnetism, and even strong electron-phonon couplings [32] , all may provide a common fertile environment for both superconductivity and multiferroicity to develop. While it is still an open question to show convincingly whether this leads to cooperation or competition between the two states, BaFe 2 Se 3 establishes a good starting point to explore these ideas.
Summary. Using a symmetry analysis and firstprinciples calculations, the multiferroicity of BaFe 2 Se 3 has been predicted. Different from most previous magnetic multiferroics, BaFe 2 Se 3 should be ferrielectric but its net polarization remains large and its critical temperature high. Its corresponding ferroelectric phase (close in energy) has a giant polarization. The multiferroic performance of BaFe 2 Se 3 is in the topmost range in the type-II multiferroic family, making it an attractive system for further studies. The present experimental difficulty to obtain a pure phase is here explained by the covalent bonds scenario. Our study broadens the research area of multiferroics and leads to a cross fertilization between superconductors and multiferroics.
